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Abstract On the Great Barrier Reef (GBR), the large
benthic foraminifera Amphistegina lobifera, A. lessonii and
A. radiata occur in shallow (<30 m) areas and have a clear
distribution gradient. In April 2014, Severe Tropical
Cyclone (TC) Ita impacted the northern region of the GBR.
We surveyed the leeward slope of Yonge Reef at 6 and
18 m, in August 2013 and 2014. Results showed an overall
decline in abundance of Amphistegina and a shift in pro-
portion at both depths between 2013 and 2014. The shal-
low-dweller A. lobifera was severely affected; however,
the deep-dweller A. radiata and the generalist A. lessonii
only declined at 6 m and increased in abundance at 18 m.
Patterns observed are likely linked to the occurrence of TC
Ita. We propose that differing population-level source—sink
dynamics should be considered when exploring persistence
and recovery patterns over depth in foraminiferal
communities.
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Introduction

Large benthic foraminifera (LBF) are important elements
of benthic communities in carbonate sediments of reef
environments (Langer 2008). They are restricted to the
photic zone and house symbiotic algae (Hallock 1999).
Temperature, sediment structure, light intensity and wave
energy are some of the main factors responsible for the
local distributions of these organisms on the reef (Hollaus
and Hottiger 1988; Hohenegger et al. 1999). The interac-
tion of these factors, coupled with specific physiological
and morphological traits of each species, define their dis-
tribution (Hohenegger 2006).

Amphistegina is the most widely distributed and abun-
dant genus of LBF in reef environments (Langer and
Hottinger 2000). Amphistegina is able to live over a wide
depth range (<1 m to ~ 100 m; Hallock 2011), using a
reticulopodial network to move across the substrate,
allowing them to regulate light exposure (Hallock 2011).
Globally, Amphistegina community structure over depth is
well documented (Hallock and Hansen 1978; Hohenegger
2006), and species-specific traits reflect the distribution of
each species along gradients of light and hydrodynamic
energy (Hohenegger et al. 1999; Renema 2006). Three
Amphistegina species are common on the shallow reef
slopes (<30 m) of the Great Barrier Reef (GBR): A. lob-
ifera, A. lessonii and A. radiata. Amphistegina lobifera is a
shallow-dwelling species, commonly found between 0 and
6 m; A. lessonii is the most generalist of the three species,
being found at depths ranging between 0 and 60 m. Both A.
lobifera and A. lessonii have thick tests and large apertural
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faces, resulting in a strong reticulopodial attachment, and
are well adapted to shallow, high-energy environments
(Hallock and Hansen 1978). In contrast, A. radiata is a
deep dweller, and although adapted to live below 18 m
(Hallock 1999; Hohenegger et al. 1999), some individuals
can occasionally be found at shallower depths (8-12 m;
Renema et al. 2013), overlapping with A. lessonii, although
in lower relative abundances (Renema 2008). Amphiste-
gina radiata produces thin test walls, and their apertural
faces are smaller, resulting in a weaker substrate attach-
ment than the A. lobifera/lessonii group (Hohenegger
2006).

In August 2013, preliminary sampling at 6 and 18 m on
the leeward slope of Yonge Reef, located on the outer shelf
of the GBR, revealed a community structure consistent
with the expected depth distribution, where A. lobifera and
A. lessonii dominated shallow areas (6-m samples), and A.
radiata specimens were abundant at 18 m. In April 2014,
Severe Tropical Cyclone (TC) Ita impacted the northeast
coast of Australia and moved across the northern region of
the GBR (Munksgaard et al. 2015), affecting the reef
region surrounding Yonge Reef. Subsequent sampling at
the same site and depths in August 2014 revealed a com-
munity structure different to previously reported depth
zonation patterns. An extreme disturbance event such as
TC Ita provides a natural experiment on the impact of acute
events on the community structure of reef organisms,
including benthic foraminifera (Hughes and Connell 1999;
Strotz et al. 2016). It allows further insight into how
potential factors other than light intensity, such as hydro-
dynamic energy and space competition, might affect
organisms’ distributions (Strotz et al. 2016). However, the
impact of cyclones on foraminifera populations at different
depths remains to be tested. Therefore, the goal of this
study was to describe the shifts in Amphistegina species
abundances at 6 and 18 m at Yonge Reef between 2013
and 2014 as a result of cyclonic activity.

Methods
Sampling design and processing

Sampling was carried out in 2013 and 2014, before and
after the impact of TC Ita. On 7 August 2013, 12 replicate
samples were collected at each sampling depth (6 and
18 m) along two transects, ~20 m apart. On 6 August
2014, a total of four replicate samples were collected at
each depth, each along a single transect. Each sample
comprised ten pieces of dead branching Acropora corals of
approximately 80—-100 cm®. Most coral pieces (~ 80%)
were covered in turf algae or bare; a substantial increase in
coral rubble was observed in 2014. Samples were of a
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consistent morphology, to ensure a consistent surface area
for a given volume among samples. All samples were
handpicked by SCUBA divers from the leeward slope of
Yonge Reef (14°35.81’S, 148°37.44'E). In the laboratory,
coral fragments were scrubbed using a toothbrush and
washed through a 125-um mesh sieve. Sediment samples
were dried in a Lavoisier oven at 50 °C for 24 h. In some
cases, samples were fractionated using a sediment splitter.
Since live specimens of Amphistegina preserve symbiont
color after being dried, all colored specimens were
removed from the residue, identified to species and coun-
ted. Volume of rubble pieces of each sample was estimated
by volumetric assay. For the calculation of species density,
the expression T x 2"/V was used, where T represents total
number of specimens found in the sample, n refers to the
fraction number (i.e., number of times sediment samples
were split) and V refers to the volume of the fragment (in
cm®). We calculated the proportions of A. lobifera, A.
lessonii and A. radiata in each replicate sample and mea-
sured the diameter of all specimens in each sample. To
allow comparison, the variable volume of coral fragments
was standardized to 1 cm®.

Statistical analyses

Differences between each depth and year were tested using
a two-way analysis of similarity (ANOSIM) based on the
density of each species in each replicate sample using the
Bray—Curtis similarity index. Before statistical analyses,
density values were square-root transformed. Similarity
percentages (SIMPER) were used to identify the species
that most discriminated among sample clusters. Analyses
were conducted using Primer 6 (Clarke and Gorley 2006).
Size frequency distributions of each species population
were examined using generalized linear models (GLM),
and pairwise comparisons were performed using a Tukey’s
test through the ‘multcomp’ package in R (R Core Team
2013).

Results and discussion

Abundance of Amphistegina species changed significantly
between 2013 and 2014, at 6 and 18 m (ANOSIM, global
R =0.643, P =0.01). Total density of Amphistegina
individuals declined at 6 m, but increased at 18 m (Fig. 1).
In 2013, the relative abundance of each species was con-
sistent with the community expected at that depth. How-
ever, in 2014 samples at 6 m revealed a 92% decline in A.
lobifera and a 67% decline in A. lessonii, whereas A.
radiata showed the least change (Fig. 1; Table 1; Elec-
tronic Supplementary Material Table S1). At the 18-m site,
only A. lobifera showed a substantial decline in abundance,
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Fig. 1 Average (SD) density of a Amphistegina lobifera, b A. lessonii, ¢ A. radiata and d all Amphistegina collected from Yonge Reef at 6 and

18 m in 2013 (blue) and 2014 (orange)

Table 1 Changes in average

absolute abundance and Depth (m)  A. lobifera  A. lessonii  A. radiata  Total
percentage of Amphistegina
lobifera, A. lessonii and A. . B 6 - 1.68 -0.70 -0.01 -2.39
radiata and total Amphistegina (ind.cm)
(total) between 2013 and 2014 18 -0.32 +0.52 +0.51  +0.71
at 6 and 18 m, and relative Abundance
contribution to dissimilarity 6 =92 - 67 —-13 - 81
according to SIMPER (%)
18 - 60 431 +76 +25
Contribution 6 68.79 27.49 3.73 100
to dissimilarity (%)
(SIMPER) 18 16.55 52.27 31.18 100

Red and green colors signify decline and increase in absolute abundance/percentages, respectively

whereas A. lessonii and A. radiata abundances increased by
31 and 76%, respectively. SIMPER analysis revealed that
68.79% of the dissimilarity between 6-m samples collected
in 2013 and 2014 was due to the decline in A. lobifera,
while the decline of this species at 18 m contributed only
16.55% (Table 1).

Average test size of each Amphistegina population at
6-m sites for all species was significantly larger in 2013
than in 2014. Additionally, the A. radiata population at
18 m showed a significant decrease in test size between
2013 and 2014, a trend that was not observed for the other
two species (GLM; P > 0.001; Fig. 2).

Cyclone events produce extreme wave and current forces,
resulting in mechanical destruction such as dislodgement of
corals, rubble and sand, stripping off the superficial reef
framework and transporting material to deeper regions
(Done 1992; Larcombe and Carter 2004). All levels of reef
organization are affected by cyclones (Fabricius et al. 2008),
and temporary increases in turbidity can be observed due to
re-suspension of reef sediments (Harmelin-Vivien 1994).
Cyclones can significantly affect benthic foraminifera
communities on the GBR (Strotz et al. 2016), but the relative
impacts at different depths remain poorly studied. Our results
showed a depth-dependent decline in total abundance of
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Fig. 2 Test size of a Amphistegina lobifera, b A. lessonii and ¢ A. radiata at 6 and 18 m depth in 2013 (blue) and 2014 (orange). Solid line, box
limits and bars represent mean test size, quartiles and 95% confidence intervals, respectively

Amphistegina between 2013 and 2014 and a shift in species
proportions and test sizes likely associated with TC Ita.

Sites at 6 m were exposed to a greater impact than 18-m
sites and would be expected to show selective removal of
species less adapted to hydrodynamic stress (Madin et al.
2014). While the physical removal of individuals was
reflected in the overall decline in abundance (Fig. I;
Table 1), it is possible that the removal was not selective.
Amphistegina lobifera did not fare better than other spe-
cies, suggesting that an impact such as TC Ita is capable of
removing even well-adapted and robust species. The dee-
per sites (18 m) showed little change in overall species
abundance, consistent with a reduced impact with depth
(Roberts et al. 2015).

Another consequence of severe cyclones is the move-
ment of sediment downslope (Harmelin-Vivien 1994).
Sediment disturbance could have buried many resident and
newly transported individuals (Harmelin-Vivien 1994). In
this case, species with the ability to move through the
sediment and a greater tolerance to low light could have an
advantage. Amphistegina are negatively geotaxic and will
climb up through the sediment onto the surface (Hallock
et al. 2006). The ability to move and survive low light
could enable some to persist in shallow waters and gain a
foothold to increase in numbers following the disturbance,
as observed for A. lessonii and A. radiata.
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Lastly, light is a crucial structuring factor, and the
expected increase in turbidity immediately following TC
Ita likely changed local conditions temporarily. Deeper
sites would have had reduced light, possibly overstressing
any species already living at the edge of their tolerance,
such as A. lobifera (Fig. 1). In contrast, turbidity at shallow
sites could enable the colonization of species usually
unable to thrive in high light, such as A. radiata. The
higher relative abundance of A. lessonii and A. radiata at
6 m in 2014 compared to A. lobifera may reflect an
increase in post-disturbance colonization success for these
species. This is further supported by the proportional
increase in younger individuals of A. radiata at 6 m
(Fig. 2). Yonge Reef is located ~50 km from the coast
and is little influenced by terrestrial runoff (Brodie et al.
2007). Consequently, it is very likely that normal light
levels would have returned within days. Any benefit gained
by species taking advantage of lower light levels (such as
A. lessonii and A. radiata) would quickly disappear, but
whether a population established under altered conditions
has the ability to persist remains to be tested.

The non-selective removal of species at 6 m, coupled
with the large decrease in total Amphistegina abundance,
potentially provides a chance for re-colonization from
other adjacent areas. This may be reflected in the changed
relative abundance and average test size in 2014 for A.
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radiata and A. lobifera. There was a clear downward shift
in average test size and an increase in relative abundance of
A. radiata at 6 m from 2013 to 2014. In contrast, A. lob-
ifera had low relative abundance and a narrow test size
range at 18 m in 2014. At 6 m, the range of test sizes
remained wide, with smaller individuals entering the pop-
ulation despite a significant drop in absolute and relative
abundance after TC Ita. These results suggest that these
species have differing source—sink dynamics over depth,
with a shallow and deep source for A. lobifera and A.
radiata, respectively. Amphistegina lessonii fills a more
generalist role, with moderate abundance at both depths
and no significant change in test sizes between 2013 and
2014. As long as there are populations surviving nearby
and substrate is available, foraminifera can re-establish
themselves within a short period (i.e., within a few years;
Strotz et al. 2016). Our data suggest that A. lessonii pop-
ulations, with shorter life spans (6—9 months) and a higher
reproductive rate, have the potential to recover faster than
A. lobiferalradiata (Hallock 1999). However, due to the
restrictions of this study, the hypothesis remains to be
tested. We hypothesize that the source pools for A. lessonii
and A. radiata at 18 m could influence the re-colonization
and recovery of populations at 6 m. The lack of a refuge
for A. lobifera would potentially make it more vulnerable
to a disturbance of this nature.
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